The objectives of this paper are to propose a diagnosis process of user's preference for a new built-toorder technology system, and to subsequently optimize the specification of the system for a manufacturing company. Manufacturing companies, such as chemical products companies, need to take responsibility for reducing plant-based pollutions, given their potentially severe human and environmental consequences. In addition, companies need to investment strategically for their development due to increasing focus on corporate social responsibilities, compliance and sustainability. However, determining the specification of a new built-to-order technology system is a complicated task, because of subjective factors entering into the evaluation of necessary and sufficient specification of the system. Consequently, the choice of appropriate system often lacks transparency and traceability in the process. This paper addressed this issue by combining cost-benefit analysis and the analytic hierarchy process. Wastewater treatment system for a chemical company is considered as one of a built-to-order technology system, and a case study in the company was carried out to demonstrate the applicability of the proposed approach. The results of this paper shows some evidence that the diagnosis process proposed in this paper succeeded in quantifying user's preference for potential systems, and that the specification was optimized successfully.
Introduction
With growing interest in global environmental issues, manufacturing companies need to take responsibility for reducing plant-based pollutions, such as wastewater or gas emissions discharged from the plant, given their potentially severe human and environmental consequences. In addition to taking responsibility, companies need to adopt strategic investments in effluent treatment, which is inseparable from profit generation due to increasing focus on accountability to stakeholders. A certain consent limits, therefore, are set according to a law and industrial emissions must satisfy the limits before discharged into environment.
Decision making for strategic investment in effluent treatment is complicated, particularly in manufacturing companies, where large amounts of hazardous substance are dealt with. In optimizing investment in the treatment system, safety supervisors must evaluate and choose system architectures, which are usually costly and surrounded by uncertainty over the likely effects of the different architectures available. The difficulties arise mainly from intangible factors, such as the safety supervisor's judgment of criteria that enter into the evaluation and choice of appropriate system architecture, given the rapidly changing technological environment. Thus, decision making regarding strategic investment, relying heavily on experience, knowledge, as well as intuition, often lacks transparency and traceability.
Given the need for a necessary and sufficient treatment system within manufacturing plants, a variety of architectures have been proposed. However, the number of studies on strategic investment in the architecture within manufacturing companies is limited due to inherent plant-based risks, which results in a lack of a "standard" framework for the optimization of the system architecture. Manufacturing companies surrounded by uncertainties, such as unexpected losses from disasters and envisaged economic effects from investment in the treatment system, have therefore tried to develop "haute couture" system architecture by, for instance, consulting professional analysts for safety. This paper proposes to apply the cost-benefit-based evaluation approach as the basis of directing a new built-to-order industrial wastewater treatment system. In the approach, subjective factors in a decision making process are quantified using the Analytic Hierarchy Process (AHP). The approach combining cost-benefit analysis and the AHP consists of a sequence of transparent steps to provide clarity of thought into the evaluation and selection process for safety supervisors of companies. The approach requires supervisors to determine the degree of importance of each criterion by using the AHP which enables supervisors to express their preference for the treatment system quantitatively, and to conduct cost-benefit analysis which enables supervisors to evaluate potential treatment systems systematically. This is desirable since it is possible that supervisors might modify the weighting criteria due to insight gained during the course of a selection process. The result evaluating not only the treatment systems but also the decision criteria, therefore, fully justifies the final decision. An additional benefit of the justification is that the rationale behind each decision is captured and can then be used as the basis of an overall justification.
Literature review
There is a significant amount of literature in technology investment and selection (Sriram & Stump, 2004; Debo, et al., 2005; Khouja, 2005; Huang, et al., 2008; Kasikowski, et al., 2008; Wallenius, et al., 2008) . However, only a few models have been developed for the design of a wastewater treatment system in the literature, since each manufacturing company has its own preference for the system. Bollinger and Pictet (2008) proposed a multi-criteria decision analysis of treatment technologies for waste incineration residues; however, their approach did not cover the area of industrial wastewater treatment. Freitas et al. (2000) applied an expert system to develop a conceptual design of industrial wastewater treatment process, but the process in the application was a black box; the selection process thus lacked transparency. Therefore, decision makers are unaware of what factors have been considered and what trade-offs have been taken; it is difficult to convince decision makers to trust the expert system's solution. Some papers adopted optimization methods to solve the problem of wastewater treatment system design (Loucks, et al., 1967; Rossman, 1980; Ellis, et al., 1985; Rossman, 1989; Evenson & Baetz, 1994) , which assumed that all information on the system design would be given quantitatively for designers in solving the problem (Noble & Tanchoco, 1995) . In designing a complex industrial wastewater treatment system, however, intangible factors in the design process should be taken into account. Data envelopment analysis (Khouja, 2005) , the AHP (Lai, et al., 2002) , and the ANP (Chen et al., 2009) were applied to solve the problem, while these applications only evaluated a potential system solution in the approved list, and did not include the specific design process of wastewater treatment system. Stehna and Bergströmb (2002) proposed customer-oriented design process of products which could be applied to the design of wastewater treatment system; the approach, however, did not explicitly take user's subjective preference into design. Safety supervisors in manufacturing companies thus face huge challenges in designing the treatment system and selecting the appropriate technology suppliers.
On the other hand, selecting and designing a sustainable treatment system is vital because this is not a oneoff investment; the financial sustainability is also a very important factor. The lower the financial costs are, the more attractive the technology is (Hlemer & Hespanhol, 1997) . However, even a low purchasing cost option might not be financially sustainable. A trade-off between purchasing cost and operational cost needs to be resolved in relation to the expected life of the plant (Jianga, et al., 2002) . For example, if a wastewater treatment system has lower installation cost, then the operating cost and system stability (it will become a legal issue if the discharging wastewater cannot satisfies the regulated level) become more vital when it would be used for long periods. Thus, it is substantial for safety supervisors to consider how to minimize both the purchase cost for the system components and the operation cost (including the external failure cost, such as warranty cost and repair cost) of the treatment system.
Decision support process
This section describes decision support process of designing a built-to-order wastewater treatment system for a manufacturing company by means of a case study. One of the most difficult aspects in designing the treatment system is to determine how to direct design efforts. Design direction is necessary at every decision level, if system designers desire to stay on a path that will lead to consistent decision. Traditionally, making decisions with large amount of investment were mainly made by the central committee of the company; final decision used to be obtained based on the consensus within the committee members. The decision process, however, might be inconsistent, since subjective factors among the members' preference for the treatment system within the committee could affect the outcome of an investment proposal. In order to rectify the weakness of existing approach, the top management of the company keened to adopt an approach which could assist the central committee in making decisions with high transparency.
The treatment system must purify wastewater before discharged into environment so as to satisfy the allowable limits defined by a water pollution prevention law (Hlemer and Hespanhol, 1997) . In order to purify wastewater, the treatment system equips several subsystems; Rotating Biological Contactor (RC), Fluid Carrier Tank (FT), and Sedimentation Tank (ST), each of which has different functions and performances. By combining these subsystems, the treatment system satisfies the allowable limits; while, the profile of the combination is not unique. Different combinations have their strengths and weaknesses. For example, a pure RC system is best at cleaning wastewater, but with a higher odor risk, while a pure FT design is with lower initial and maintenance costs but has poor process stability. All possible combinations of subsystems should be reviewed before the final decision would be made.
The regulation set by the legislation has a broad range of items concerning the wastewater treatment, such as concentrations of Biological Oxygen Demand (BOD) and Chemical Oxygen Demand (COD). These items define the specifications of the treatment systems, each of which can be completely specified as objective information. On the other hand, as a user of the treatment system, the manufacturing company has its own preference for the system, which includes subjective information, such as cost-minimum priority or the sustainability-of-the-system priority in medium-and-long-term perspective. This information relates to each aforementioned specification and is represented as intangible information. Diagnosis procedure of user's preference for a new built-to-order system is thus substantial in optimizing the specification of the system for the manufacturing company. Therefore, the decision support process needs to evaluate all potential alternatives in light of cost and benefit, which integrates objective data and subjective preference for the specification of the treatment system. Thus, the process consists of two following main processes: evaluating potential alternatives in light of cost and benefit based on the objective data on alternatives; collecting information on the preference for the specification of the treatment system.
Formulation of cost-benefit analysis
A developer of the wastewater treatment system has its own methodologies and techniques for purifying wastewater; therefore, the requirement for the treatment system is determined based on the regulation, once the contamination level of inflow wastewater is fixed. In this paper, the status of the wastewater is supposed to be determined by both the volume and the concentration of BOD of inflow wastewater, and the developer purifies it by the system consisting of three subsystems: RC, FT, and ST. Since the performance of each subsystem is clarified, the regulation can be satisfied by combining the subsystems in several ways. In addition, both the initial and running costs for each subsystem are also given, the specification, in other words, a set of criteria, c, evaluating the system, can be defined as follows: "A" (Area of installation:
); "I" (Initial cost: Yen/installation); "R" (Running and maintenance costs: Yen/year); "S" (Leakage risk of SS: total amount of leaked SS, Kg/day); "B" (Leakage risk of BOD: concentration of leaked BOD, mg/L); "O" (Odor risk of H 2 S: concentration of generated H 2 S, ppm*number of RC), where the durable years of the system is set as 20 years. Those criteria, and subsequent indicators defined below were determined based on the discussion with safety supervisors of a chemical products company and designers of a supplier of a wastewater treatment system introduced in Section 4.
In this paper, the following indicators representing the specification of the treatment system are employed in the cost-benefit analysis. Benefits are defined by the reciprocal values of * , , * , , * , , and * , , and costs are defined by the actual values of * , and * , , where * (*=I: high, II: intermediate, III: low) and i (i=0, …, 8) respectively denote the BOD load per area of RC in the system, and the number of RC of the treatment system, each of which is indexed using the value when *=I and i=0 as a benchmark (set as 1).
Two types of cost-benefit functions are formulated for the analyses: one is "simple" cost-benefit function; the other is "weighted" cost-benefit function. In the functions, each indicator is transformed into T-score. Therefore, the T-score of the criterion * , (c=A, I, R, S, B, O) is transformed by the following formula and denoted as * , , where ( * , ) and ( * , ) are respectively denote the average and the standard deviation of * , . * , ∶=50+10{ * , -( * , )}/ ( * , ).
(1)
Based on (1), simple cost-benefit function is defined by the following formula which calculates each alternative's simple performance but does not reflect user's preference. * , ∶={1 * ,
On the other hand, weighted cost-benefit function is defined so as to reflect user's preference for the treatment system to the results. Let denote user's preference for the criterion c. Then, the T-score of the criterion * , can be represented by the following and denoted as * , . * , ∶=50+10{ * , -( * , )} / ( * , ).
Based on (3), the weighted cost-benefit function can be defined by the following formula which calculates each alternative's weighted performance reflecting user's preference. * , ∶={1 * ,
Collection of information on user's preference
The user of the wastewater treatment system has its own preference for the treatment system on the premise that the alternatives of the system satisfy the regulation. The user, therefore, would make decisions on which system architecture to order from among the potential alternatives. However, the user is sometimes caught in a dilemma, for example, high flexibility of installation and low running costs. In this paper, user's preference is supposed to be represented upon A, I, R, S, B, and O, each of which determines the specification of the system. User's preference, however, is often expressed as subjective information, such as cost-minimum priority, or the sustainability-of-the-system priority in long-term perspective. Collecting information on user's preference, therefore, should be carried out so as to transform such intangible information into quantitative form.
In this paper, the AHP is adopted in quantifying user's preference. The user is required to conduct pairwise comparisons over all possible combinations of criteria in order to represent his/her preference for the specifications of the treatment system. In the process, the user represents his/her preference by comparing each specification pair-wisely over all possible combinations of specifications, such as "Which specification of the treatment system do you think is more important for the treatment system of your plant, Flexibility or Initial cost?" The results of this process quantify the user's preference for the treatment system.
Case study
This section introduces the procedure and the result of the case study verifying the approach proposed in this paper. A chemical company X (Co.X) is a major chemical products company in Japan, whose wide array of products is highly esteemed and ranges from basic materials to fine chemicals. A wastewater treatment system company Y (Co.Y) is a supplier of a wastewater treatment system, whose technology in RC is highly rated in the field. Co.Y develops various types of the treatment system combining RC and FT, meeting the demands from great many manufacturing companies. Both companies' name, X and Y, cannot be disclosed due to confidentiality obligation; on the other hand, every data and information employed in this case study is the real in the companies.
On the occasion of the renewal of the wastewater treatment system in Co.X, the management team of the company has to make decision on the investment in a new built-to-order industrial wastewater treatment system. As noted in the previous section, there are three major indicators for the wastewater treatment: (i) total amount of leaked BOD, (ii) concentration of leaked SS, and (iii) concentration of generated H 2 S. Safety supervisors and designers in the companies X and Y need to design the treatment system to purify the wastewater to meet the required legislation level. There are three core subsystems in the wastewater treatment system: RC, FT, and ST, where ST is designed to be configured at the final phase of the treatment system, and the requirement for the contamination level of wastewater inflowing to ST is fixed for all potential alternatives in this case.
The decision process is complicated as it requires selecting the most appropriate combination of subsystems and deciding the architecture of the treatment system. Based on the approach proposed in this paper, safety supervisors of Co.X and designers of Co.Y identify a set of criteria for the new built-to-order treatment system, which are listed as indicators in subsection 3.1. The criteria assess the potential benefits of the new system, its alignment with the company's strategy, its impact on identified objectives, and its failure risks. With this approach, a number of alternatives of the treatment system are designed and evaluated by the set of criteria. The alternatives with high prioritization scores are finally approved.
Co.Y first proposes some alternatives of the wastewater treatment system each of which meets required level of Co.X.; the details of the alternatives, i.e. the specifications of the potential treatment systems, are given in the appendix. Co.X, then represents its preference for the wastewater treatment system; Table 1 summarizes Co.X's preference for the system quantified by the AHP. As shown in the table, Co.X emphasizes the degree of importance of initial cost, * , , as the highest, and the safeness of BOD leakage, 1 * , ⁄ , as the second highest, and so on. These degrees of importance can be interpreted as the company's preference for the treatment system, which should be reflected in designing the new system. The results of "simple" cost-benefit analyses based on the specifications of the alternatives are shown in * , and its ranking columns of Table 2 whose values are calculated by (2). As shown in the table, the cost-benefit scores, , , , and , are the top three. While, the results of "weighted" costbenefit analyses are shown in * , and its ranking columns of Table 2 whose values are calculated by (4). As shown in the table, the scores and its ranking of * , has slightly changed from those of * , ; , ,
, and , are the top three. The results of the weighted cost-benefit analyses reflecting user's preference imply that safety supervisors of Co.X judge the requirement for the new treatment system to be almost the same as that of "simple" cost-benefit analyses suggest. On the other hand, by using the "weighted" cost-benefit analysis, we can conduct sensitivity analyses; how user's preference would affect the result of the selection of the treatment system. The analysis can also be applied to the diagnosis procedure for customers of Co.Y. Table 3 shows the results of the analyses, which summarizes the rankings of the same alternatives shown in Table 2 with different users' preference, such as Flexibility prioritized, Initial cost prioritized, and so on. In the analyses, by changing the values of pairwise comparisons so as to emphasize the degree of the importance of a criterion, abovementioned priorities are artificially generated. For example, Flexibility prioritized preference is generated as follows; the relative importance of Flexibility to all the other criteria, such as Initial cost and BOD safeness, are set to "9" in pairwise comparisons, and in all other pairwise comparisons, the relative importance between the remaining criteria are set to "1". As shown in the table, the rankings of alternatives change drastically based on the user's preference, which leads to the different choice of the architecture of the treatment system. 1  11  13  19  24  21  18  2  6  7  17  23  19  16  3  12  10  11  14  16  13  4  15  14  16  16  18  22  5  17  17  10  8  14  21  6  19  19  6  5  13  17  7  21  22  5  4  11  19  8  16  20  2  1  1  8   III  (Low)   0  3  5  12  18  22  3  1  4  3  7  15  23  11  2  5  1  8  20  24  12  3  8  6  4  6  20  10  4  13  11  3  3  17  9  5  10  8  1  2  12  6 Traditional approaches could not address the wastewater treatment system selection problem with taking subjective factors into consideration. Questions such as why the component and architecture of the system was selected, nor what the benefit of the selected alternative to the performance of wastewater treatment was, were not easily answered. The approach combining cost-benefit analysis and the AHP proposed in this paper provides a framework for considering the impact of each trade-off decision on the criteria, and develops a justification path for the management team of the company.
Co.X management is satisfied with the insight gained from the approach, based on which the trade-off among various criteria can be quantified and the decision can be made with high transparency. Moreover, the approach provides a flexible decision framework that can take a new focus on the assessment into consideration when different preference for the wastewater treatment design would be expressed. On the other hand, Co.Y management is also satisfied with the diagnosis procedure that can address different users' preference. By using this procedure, the company would be able to address various users' preference and to optimize the architecture of the treatment system with its own technologies combined. Based on the retrospective interview focusing on the differences between the actual choice of Co.X and its clarified preference following the analyses, both the quantification of the user's preference shown in Table  1 , and the results of the cost-benefit analyses summarized in Table 2 , are persuasive, resulting in the consensus of the "next" selection of system architecture for the company. The results of the sensitivity analyses shown in Table 3 are also significant for Co.Y, which helps its promotion of the treatment system to potential customers.
Concluding remarks
This paper proposes a diagnosis procedure of user's preference for a new built-to-order industrial wastewater treatment system and subsequently optimizes the specification of the system for a manufacturing company, which integrates both objective and subjective information on the system. The approach not only satisfies the required legislation level, but also reflects user's preference to the design of the system, which makes decision path more transparent than before. The case study demonstrates the applicability of the approach that supports safety supervisors in designing a built-to-order industrial wastewater treatment system. A cost-benefit analysis is a systematic approach to evaluate the system performance, while the application of the AHP is a simple approach to transform the subjective information into objective information. The proposed approach, therefore, enables safety supervisors to deal with this information on the same horizon. By providing clarity to the analysis process, the decision making results in transparent and traceable. Further research is needed to explore design improvement and technology selection in more complex industrial wastewater treatment systems. In addition, how to define the indices of the specifications of the system, such as the reciprocal values for the benefits of Flexibility, is an open-ended question.
Appendix. Every criterion is indexed by using values when *=I and i=0 as a benchmark (shown in bold).
